Introduction
============

Human cytomegalovirus (CMV), called HCMV, is an important and common human virus causing severe infections in individuals with compromised immune system such as AIDS patients and transplant recipients [@B1]. However, no vaccines and few anti-HCMV drugs are currently available in clinics, which dictates an urgent need for developing novel therapeutics. Murine cytomegalovirus (MCMV) infection of mice provides a useful animal model for studying innovative antiviral therapeutics *in vivo* [@B1]-[@B3]. For example, the CB17 severe combined immunodeficient (SCID) mice are highly susceptible to MCMV infection due to the absence of functional T and B lymphocytes [@B4], [@B5]. This animal model can be used for screening novel anti-CMV agents *in vivo*.

Nucleic acid-based gene silencing technologies targeting mRNA sequences of choice represent promising gene-targeting strategies [@B6], [@B7]. For example, ribozymes were used to target HIV-1 mRNA sequences and reduce HIV-1 growth in cultured cells [@B8]. Small interfering RNAs (siRNAs) were also used to reduce virus growth by targeting viral gene sequences [@B6], [@B9], [@B10]. Therefore, nucleic acid-based, sequence-specific gene targeting strategies can be employed as new antiviral therapeutics.

RNase P of *Escherichia coli* is a ribonucleoprotein complex consisting of a catalytically active RNA subunit (M1 RNA) and a protein subunit (C5 protein) [@B11], [@B12]. Moreover, M1 RNA can be engineered to target tRNA substrates and specific mRNA sequences of choice (Figure [1](#F1){ref-type="fig"}) [@B13]-[@B16]. A sequence-specific ribozyme, M1GS RNA, which can be designed by attaching an external guide sequence (EGS) to the 3\' terminus of M1 RNA (Figure [1](#F1){ref-type="fig"}C), is active in specifically cleaving the target gene sequences in cultured cells [@B17], [@B18]. Compared with other antisense technologies [@B6], [@B7], the M1 ribozyme-based tool has its own unique advantages because M1 RNA is catalytically efficient [@B11], [@B12]. Engineered M1GS ribozymes were used to specifically target viral mRNAs and reduce viral growth in cultured cells infected with human viruses such as influenza virus, HCMV, and herpes simplex virus 1 (HSV-1) [@B18]-[@B20]. Furthermore, RNase P ribozymes were also studied for blocking viral gene expression and replication in mice [@B21].

Improving ribozyme cleaving activity is essential for its utilization as a useful gene-targeting approach. New ribozyme variants, selected by using an *in vitro* selection procedure [@B22]-[@B24], were more active than the ribozyme derived from the wildtype M1 RNA sequence [@B19]. However, whether these selected ribozyme variants also perform better than the wildtype M1 RNA-derived ribozyme in animals has not been reported. In this study, using MCMV-infected SCID mice as the animal model, we showed that a selected ribozyme variant, R388-AS, was more efficient in knocking down viral gene expression and inhibiting viral infection in cultured cells and in mice than ribozyme M1-AS, which was derived from the wildtype M1 RNA. Ribozyme variant R388-AS was generated to cleave the mRNA of MCMV assemblin (AS) [@B25], [@B26], which encodes a protease essential for viral capsid maturation and growth [@B27], [@B28]. *In vitro* studies showed that R388-AS effectively cleaved the target mRNA sequence, as well as knocking down AS expression and viral replication in cultured cells. When plasmids expressing ribozymes were injected into SCID mice by a modified "hydrodynamic transfection" procedure [@B29]-[@B31], AS expression and viral replication in these mice were also inhibited and mice lived longer. Our study indicates that ribozyme variants constructed in this study can be used as a class of novel and innovative anti-HCMV therapeutics.

Materials and Methods
=====================

**Ethics Statement.** Animal studies were either approved by the Animal Care and Use Committee of the University of California-Berkeley (Protocol \#R240) or by the Animal Care and Use Committee of the College of Life Sciences and Technology, Jinan University (Guangzhou, China).

***In vitro* studies of M1GS ribozymes.** The dimethyl sulphate (DMS)-accessible regions [@B18], [@B32], [@B33] of AS mRNA were mapped following previously described procedures [@B34], [@B35]. NIH3T3 cells were infected with MCMV Smith strain (MOI = 2). At 18 hours post infection, cells were treated with 1% DMS-containing culture media for 10 mins, washed with PBS, and lysed with buffer A (10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1.5 mM MgCl~2~, 0.2% NP40). We isolated total RNAs and performed primer extension assays to identify the DMS modification sites, as explained earlier [@B34], [@B35].

We performed PCR to construct the DNA template of substrate as-39 with 5\' primer as-39-5-AF25 (5\'-GGAATTCTAATACGACTCACTATAG-3\') and 3\' primer as-39-3 (5\'-CGGGATCCT GGCGGGACCGCGGGCGACGAGTTTGGATTCTATAGTGAGTCGTATTA-3\'). PCR was used to generate the R388-AS, M1-AS, C-R388-AS, and C-MI-AS ribozyme sequences from plasmid pFL117, p388, and pC102, which include the M1 RNA, variant R388, and mutant C102 ribozyme sequence respectively [@B19], [@B36], [@B37]. The 5\' and 3\' primers for the PCR reactions were Rb-AS-AF25 (5\'-GGAATTCTAATACGACTCACTATAG-3\') and Rb-AS3 (5\'-CCCGCTCGAGAAAAAATGGTGTCGCCCGCGGTCCCGCCTGTGGAATTGTG-3\') respectively. Ribozymes and as-39 were made using *in vitro* transcription procedures [@B19], [@B36], [@B37].

We performed single-turnover kinetic analyses of *in vitro* cleavage reactions in buffer A (50 mM Tris, pH 7.5; 100 mM NH4Cl, 100 mM MgCl~2~), as explained earlier [@B19], [@B36], [@B37]. We generated plots of observed cleavage rate (k~obs~) vs. ribozyme concentration using a Kaleidagraph program (Synergy Software, Reading, PA) and determined the overall cleavage rate (k~cat~/K~m~)^s^ [@B19], [@B36], [@B37].

We determined the equilibrium dissociation constants (K~d~) of complexes of the ribozymes and substrate as-39 in buffer B (50 mM Tris, pH 7.5; 100 mM NH~4~Cl, 100 mM CaCl~2~, 3% glycerol, 0.1% xylene cyanol, 0.1% bromophenol blue), as explained earlier [@B38]. The samples were allowed to bind and then loaded on a non-denaturing gel for electrophoresis. We generated plots of percent of product bound versus M1GS RNA concentration to calculate K~d~ value. Experiments were performed in triplicate and repeated three times [@B19], [@B36], [@B37].

**Antibodies, viruses, and cells.** MCMV (Smith strain) and mouse NIH3T3 cells were obtained from American Type Culture Collection (ATCC) (Manassas, VA). The anti-MCMV and anti-actin antibodies have been described previously [@B4], [@B21]. Growth of MCMV and NIH3T3 cells were performed, following procedures as explained earlier [@B4], [@B21].

**Cells expressing EGSs.** DNAs of retroviral vector LXSN-M1GS were transfected into NIH3T3 cells. The M1GS-expressing cells were selected using neomycin (500 µg/ml) and cloned. We performed Northern blot experiments to assay EGS and mouse RNase P RNA expression [@B19], [@B36], [@B37]. The cytotoxic effect of M1GS expression was studied using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma), following the procedures explained earlier [@B39].

**Assaying viral mRNA and protein expression.** The levels of viral mRNAs were investigated using Northern blot experiments with \[^32^P\]-labelled DNA probes containing the MCMV DNA sequence or the DNA sequence coding for mouse RNase P RNA [@B19], [@B36], [@B37]. The levels of viral proteins and actin were investigated using Western blot experiments, with anti-MCMV and anti-actin antibodies and a chemiluminescent substrate (GE Healthcare, Shanghai, China and Sunnyvale, CA). The expression levels were analyzed using a STORM840 Phosphorimager [@B19], [@B36], [@B37]. The assays were performed in triplicate and repeated three times.

**Studies in animals.** Eight week-old CB17 SCID mice (at least five animals per group) (Jackson Laboratory, Bay Harbor, Maine) were infected intraperitoneally with MCMV (1x10^4^ PFU/animal), and hydrodynamically transfected with different LXSN-EGS DNAs (20 µg) at 48 hours postinfection [@B29]-[@B31]. We performed hydrodynamic transfection every 3 days following the first injection. To assess the transfection efficiency, the expressions of M1GS RNA and green fluorescent protein (GFP) from tissues were investigated using Northern blot analyses and fluorescent microscopy.

Animal survivability was assessed by examining the mice 2 times a day for mortality for at least 100 days [@B4], [@B21]. Different organs (i.e. spleens, livers, lungs, and salivary glands) were collected from mice at 1, 3, 7, 10, 14, and 21 days postinfection. Viral gene expression and growth in these organs were assayed by Northern/Western blots analyses and plaque assays, respectively, as explained previously [@B19], [@B36], [@B37].

**Analysis of MCMV growth with plaque assays.** Tissues and cells were collected and sonicated to generate virus stocks as explained earlier [@B4], [@B40]. Virus titers, as plaque-forming unit (PFU) per milliliter of homogenated cell lysates and tissues, were determined using plaque assays in NIH3T3 cells [@B4], [@B21]. Each plaque assay was performed in triplicate and repeated three times. The detection limit of homogenated cells and tissues was 10 PFU/ml and samples negative at a 10^-1^ dilution were designated a titer of 10 (10^1^) PFU/ml [@B4], [@B21].

Results
=======

**MCMV AS mRNA sequence cleaved efficiently by ribozymes *in vitro*.** MCMV assemblin (AS) encodes a protease required for formation of mature viral genomic DNA-containing capsid and therefore, is essential for the production of viral progeny [@B25], [@B26]. Ribozymes were engineered to target the MCMV AS mRNA sequence. An *in vivo* mapping approach developed previously was used to choose an accessible binding site for the ribozymes with high catalytic activity [@B18], [@B33]. A position, 306 nucleotides downstream from the AS translational initiation codon [@B41], which was accessible for modification by dimethyl sulphate (DMS) in MCMV-infected cells (data not shown), was designed as the ribozyme targeting site.

By using an *in vitro* selection procedure, ribozyme variants being more active in targeting the HSV-1 thymidine kinase (TK) mRNA than the wild-type M1 RNA-derived ribozyme were isolated [@B19]. Mutations were introduced into the active domains (such as nucleotides 30-61, 110-140, and 290-332) of M1 RNA [@B42], [@B43] and ribozymes with highly efficient cleavage activities were isolated [@B19]. A ribozyme variant, R388-AS, was generated and was most efficient in slicing the assemblin mRNA sequence *in vitro* (see below, Table [1](#T1){ref-type="table"}). Compared to the wild-type M1 RNA, R388 comprises of three point mutations: G~33~ -\> C~33~, C~158~ -\> G~158~, and C~292~ -\> A~292~ [@B19]. Here we examined the catalytic activity of R338-AS *in vitro* and investigated its ability to block assemblin expression in MCMV-infected cells and mice.

Ribozyme R388-AS and M1-AS were constructed by covalently joining an 18 nt long guide sequence to the 3\' end of R388 RNA and M1 RNA, respectively. Control ribozymes C-R388-AS and C-M1-AS were generated in a similar way but had no catalytic activity due to the introduction of point mutations (A~347~C~348~→C~347~U~348~, C~353~C~354~C~355~G~356~→G~353~G~354~A~355~U~356~) in the P4 catalytic domain of these ribozymes [@B21], [@B36]. These four ribozymes (R388-AS, M1-AS, C-R388-AS and C-M1-AS) had the same guide sequence targeting the assemblin mRNA sequence.

RNA substrate as-39, which contained a 39 nt long assemblin mRNA target region, was cleaved by ribozyme R388-AS and M1-AS (Table [1](#T1){ref-type="table"}). To the contrary, no cleavage of substrate as-39 by C-R388-AS and C-M1-AS was detected (Table [1](#T1){ref-type="table"}). The catalytic activity (k~cat~/K~m~)^s^ results indicated that R388-AS had about 200 times higher activity than M1-AS (Table [1](#T1){ref-type="table"}). To study whether different catalytic activities of these four ribozymes were due to the difference in binding affinities to substrate as-39, the binding affinities, measured as the dissociation constant (K~d~), were studied by gel shift assays. Ribozymes C-R388-AS and C-M1-AS had similar binding affinities as R388-AS and M1-AS, respectively (Table [1](#T1){ref-type="table"}). Furthermore, R338-AS and C-R388-AS bound to as-39 about 20 times better than M1-AS and C-M1-AS, suggesting that the point mutations of R388 (G~33~ -\> C~33~, C~158~ -\> G~158~, and C~292~ -\> A~292~) may enhance substrate binding. Thus, C-R388-AS and C-M1-AS could be used as antisense effect controls for R388-AS and M1-AS, respectively, since they had similar binding affinity as R388-mAP and M1-mAP but without catalytic activity.

**Ribozymes expressed in cultured cells.** The R388-AS, M1-AS, C-R388-AS, and C-M1-AS coding sequences were cloned into retroviral vector LXSN, which had expressed M1GS RNA efficiently previously [@B18], [@B44], [@B45]. The constructed LXSN-M1GS DNAs were transfected into PA317 cells to produce retroviral vectors which were then transduced into NIH3T3 cells [@B45], and cell lines expressing the ribozymes were cloned.

Another cell line expressing ribozyme M1-TK, which was constructed to target HSV-1 TK mRNA sequence, was used as a control with mismatched guide sequence [@B18]. No catalytic activity of ribozyme M1-TK to cleave substrate as-39 was detected *in vitro* (data not shown). Northern analysis was performed to examine M1GS RNA expression in each cell line with mouse RNase P RNA (mP1 RNA) as the internal control (Figure [2](#F2){ref-type="fig"}) [@B46], [@B47]. Only cell lines expressing ribozymes with similar levels were used for subsequent studies. Using the MTT assays, we observed that all ribozyme-expressing cell lines and cell lines only transfected with blank LXSN vector as control were similar in cellular growth for 90 days (data not shown), suggesting ribozymes were not toxic to the cells.

**Ribozyme-mediated reduction of MCMV gene expression and growth in cultured cells.** Northern analyses were carried out to examine MCMV assemblin expression in cells expressing different ribozymes, with mouse RNase P RNA (mP1 RNA) as the internal control (Figure [3](#F3){ref-type="fig"}A). A decline of 99% and 81% in assemblin mRNA expression was detected in cells expressing R388-AS and M1-AS, respectively (Figure [3](#F3){ref-type="fig"}, lanes 1 and 4, Table [2](#T2){ref-type="table"}). In contrast, a reduction of less than 10% was found in cells expressing C-R388-AS, C-M1-AS, or M1-TK, which was probably caused by antisense effect (Figure [3](#F3){ref-type="fig"}, lane 2, Table [2](#T2){ref-type="table"}) (data not shown). These results suggest that the substantial reduction of AS mRNA expression in cells expressing R388-AS and M1-AS was due to ribozyme-mediated cleavage. Using Northern analyses and rapid amplification cDNA ends (RACE) PCR assays, we detected no specific fragments of viral mRNAs cleaved by ribozymes in these cells, possibly because these cleavage products, which were RNAs lacking of either a 5\' cap structure or a 3\' poly (A) sequence, were extremely unstable and quickly hydrolyzed intracellularly.

Western analyses were performed to study the AS protein expression in cells expressing different ribozymes, with actin as the internal control (Figure [3](#F3){ref-type="fig"}). A decline of about 98% and 79% in the level of AS protein was found in cells with R388-AS and M1-AS, respectively (Figure [3](#F3){ref-type="fig"}, lanes 5 and 8, Table [2](#T2){ref-type="table"}). To the contrary, only 10% reduction was found in cells with C-R388-AS, C-M1-AS, or M1-TK, which was probably due to the antisense effect (Figure [3](#F3){ref-type="fig"}, lane 6, Table [2](#T2){ref-type="table"}) (data not shown).

Plaque assays were carried out to examine MCMV replication in cells expressing different ribozymes. Virus stocks were prepared 1-5 days post-infection and virus titers were examined. At 4 days post-infection, a repression of at least 15,000 and 1,200-fold in viral yield was found in cells expressing R388-AS and M1-AS, respectively (Figure [4](#F4){ref-type="fig"}). No significant knockdown was detected in cells expressing C-R388-AS, C-M1-AS, or M1-TK (Figure [4](#F4){ref-type="fig"}). Hence, R388-AS and M1-AS appeared to target viral AS mRNA and reduce MCMV replication.

It is known that AS plays no role in regulating the expression of other viral genes, including immediate-early (IE), early, and late genes [@B1], so their expression was not expected to change as a result of M1GS-mediated inhibition of AS expression. To further study the effects of the constructed ribozymes on viral gene expression, we examined the mRNA expression of MCMV M36 (an IE gene), major capsid protein (MCP) (an early gene), and gB (a late gene) with northern blot analysis, and the protein expression of viral ie1 (an IE gene), M112 (an early/late gene), and M99 (a late gene) with western blot analysis. We noticed no appreciable difference in their expression among the M1GS-expressing cells and the parental NIH3T3 cells (Table [2](#T2){ref-type="table"}). Hence, R388-AS and M1-AS expression appeared to suppress AS expression but not the expression of other MCMV genes. These results further suggest that the reduced virus production is probably due to the AS expression reduction induced by M1GS ribozymes but not from the changes of the expression of other viral genes.

**Ribozyme-mediated reduction of MCMV gene expression and growth in animals.** SCID mice are good animal models for MCMV infection studies as reported previously [@B1], [@B4], [@B5]. To study the inhibition of MCMV growth *in vivo* by the constructed ribozymes, hydrodynamic transfection of the constructed LXSN-M1GS plasmids along with a GFP expression reporter construct was given to SCID mice that were intraperitoneally infected 24 hours earlier with MCMV, and repeated every 72 hours [@B29]-[@B31]. Ribozyme expression was assayed by northern blot analyses, using mouse RNase P RNA as the internal control (Figure [5](#F5){ref-type="fig"}). The transfection procedure seemed to be successful as ribozyme and GFP were detected in different tissues of mice (e.g. livers and spleens) (Figure [5](#F5){ref-type="fig"}) (data not shown), consistent with previous studies showing the gene-transfer effect of the hydrodynamic transfection method [@B29]-[@B31].

Three different sets of experiments were performed to study the ribozyme effect on MCMV growth *in vivo*. The first set of experiments was to examine whether viral mRNA and protein expression were inhibited in mice treated with different ribozymes. At 14 days post-infection, viral assemblin mRNA and protein expression was observable in the spleens of mice receiving control ribozymes (i.e. C-R388-AS, C-M1-AS, and M1-TK) (data not shown), while reduced AS expression was observed in mice receiving R388-AS and M1-AS (Figure [6](#F6){ref-type="fig"}). Furthermore, we observed no difference in AS expression between mice receiving no ribozymes and the control ribozymes (i.e. C-R388-AS, C-M1-AS, or M1-TK) (Figure [6](#F6){ref-type="fig"}) (data not shown). These results indicated that the viral assemblin mRNA and protein expression were knocked down in mice receiving functional ribozymes R388-AS and M1-AS. Moreover, R388-AS exhibited higher efficiency than M1-AS in blocking AS expression in mice.

The second set of experiments was to study viral growth in mice treated with different ribozymes. Because of our observations of the inhibition of viral AS expression in mice treated with ribozymes R388-AS and M1-AS, it was reasonable to suggest that MCMV replication would be inhibited in these mice. To determine whether this was the case, viral load in different organs was examined at different time points post-infection. The viral titers in mice receiving the control ribozymes (i.e. C-R388-AS, C-M1-AS, or M1-TK) were similar to those in mice receiving phosphate-buffered saline (PBS) only (Figure [7](#F7){ref-type="fig"}). On the other hand, the viral titers in mice receiving R388-AS and M1-AS were consistently lower at every time point. At 21 days post-infection, the viral titers in the spleens, livers, lungs, and salivary glands of the mice receiving R388-AS were lower than those in mice receiving no ribozyme by 3,000-, 2,000-, 4,000-, and 15,000-fold, respectively, while those in the spleens, livers, lungs, and salivary glands of the mice receiving M1-AS were lower than mice receiving no ribozyme by 100-, 200-, 800-, and 1,000-fold, respectively (Figure [7](#F7){ref-type="fig"}). These findings suggested that the expression of R388-AS and M1-AS inhibited viral infection *in vivo*. Moreover, R388-AS inhibited viral infection more effectively than M1-AS in mice.

The third set of experiments was to examine the ribozyme effect on the survival of the MCMV-infected mice. It is conceivable that the survival of the mice would increase if viral replication was blocked in mice treated with ribozymes R388-AS and M1-AS. To determine if this was the case, the survival rate of the animals receiving ribozymes R388-AS and M1-AS was studied and compared to animals receiving PBS only or the control ribozymes C-R388-AS, C-M1-AS, or M1-TK. All non-infected animals given LXSN-M1GS survived and showed no signs of distress for at least 100 days (data not shown). Control ribozymes C-R388-AS, C-M1-AS, or M1-TK had no effect on improving survivability of MCMV-infected mice compared with those treated with PBS only, which died within 26 to 27 days post-infection (Figure [8](#F8){ref-type="fig"}). On the contrary, the life span of MCMV-infected mice receiving R388-AS and M1-AS improved substantially as no animals died until 95 and 43 days post-infection, respectively (Figure [8](#F8){ref-type="fig"}). These results suggested that MCMV gene expression and viral replication were inhibited in animals receiving R388-AS, and M1-AS, leading to overall improved survival of the mice.

Discussion
==========

The RNase P ribozyme-based approach demonstrates an innovative strategy for gene silencing for its highly efficient knockdown of the target RNA sequences of choice [@B11], [@B12]. The simple design of the guide sequence makes M1GS ribozyme a novel and useful tool for antiviral applications. However, the knowledge is limited regarding the rate-limiting step of M1GS ribozyme-based cleavage in cultured cells and *in vivo* and how to improve catalytic activity of ribozyme-mediated cleavage. In this report, a ribozyme, R388-AS, was designed to target the MCMV AS mRNA sequence. We hypothesize that the effectiveness of the ribozyme-mediated cleavage in cultured cells and *in vivo* is mediated by its catalytic efficiency *in vitro* (i.e. k~cat~/K~m~). For this hypothesis to be true, an increase in the catalytic efficiency of ribozymes should lead to better cleavage effect on targeted mRNA in cultured cells and mice.

Our study provides direct evidence that a ribozyme variant (i.e. R388-AS) selected *in vitro* is about 200-fold more active \[k~cat~/K~m~\] than the ribozyme derived from wild type M1 RNA (i.e. M1-AS) in targeting the AS mRNA sequence *in vitro*. Also, R388-AS exhibited better efficacy than M1-AS in knocking down assemblin expression and viral replication in cells and in mice. In contrast, we observed minimal knockdown (\<10%) in AS expression and viral replication in cells and mice expressing control ribozymes C-R388-AS, C-M1-AS, or M1-TK (Figures [4](#F4){ref-type="fig"} and [7](#F7){ref-type="fig"}, Table [2](#T2){ref-type="table"}). Control ribozymes C-R388-AS and C-M1-AS had comparable binding affinities to substrate as-39 as R388-AS and M1-AS, respectively (Table [1](#T1){ref-type="table"}). However, they exhibited little activity to cleave the substrate because of the mutations at their P4 catalytic sequences that abolished catalytic activity (Table [1](#T1){ref-type="table"}). These findings indicated that the detected inhibition of assemblin expression and MCMV replication in cells and mice expressing R388-AS and M1-AS could be credited to ribozyme activity for cleaving the target AS mRNA but not to the antisense effect or additional nonspecific effects from the ribozymes. Likewise, the experiments indicated that R388-AS, which had better catalytic activity \[i.e. k~cat(apparent)~/K~m(apparent)~\] than M1-AS *in vitro*, was also more active than M1-AS in repressing MCMV gene expression and replication in cell and in mice. These findings support the hypothesis that improving the catalytic activity of ribozymes *in vitro* may enhance ribozyme mediated cleaving effects in cells and in animals.

Our studies also demonstrated that variant R388-AS was successfully expressed and functional in inhibiting MCMV AS expression and replication in cells and in animals. First, we could detect noticeable levels of R388-AS RNA in cultured cells and different organs of mice such as livers and spleens. Second, we found no difference in the MTT experiments with regards to the growth and viability of the cell lines with ribozymes compared to the parental cells for a three-month period. Mice receiving LXSN-M1GS plasmids grew with no adverse symptoms and were similar to mice receiving PBS only for a three-month period (data not shown). These findings suggest that expressing these ribozymes may be non-toxic to cells and animals. Third, R388-AS specifically repressed assemblin expression, but did not alter the expression of other MCMV genes such as M36, mie1, MCP, M112, and M99 (Table [2](#T2){ref-type="table"}). Furthermore, R388-AS seemed to be effective in cleaving AS mRNA in mice. Inhibited AS gene expression, repressed viral titers, and improved survivability were detected in mice receiving R388-AS and M1-AS but not from mice receiving PBS only or control ribozymes C-R388-AS, C-M1-AS, or M1-TK (Figures [6](#F6){ref-type="fig"}-[8](#F8){ref-type="fig"}) (data not shown). These findings implied that R388-AS cleaved its target AS mRNA *in vivo*, leading to inhibition of AS expression, decreased MCMV replication, and enhanced survivability of the infected animals.

Hydrodynamic transfection via tail vein injection is one of the best ways to deliver plasmid DNAs to the livers and spleens with great efficiency [@B29]-[@B31]. Although it is not suitable in clinical settings, the hydrodynamic transfection technique is an excellent method to deliver novel agents into animals for study *in vivo* [@B29]-[@B31]. The ribozyme-based technology is unique and attractive as this method employs M1 RNA, a catalytic RNA found in nature [@B11], [@B12], to cleave the target mRNAs. The activity of M1 RNA as well as M1GS RNAs has been shown to be enhanced by C5 protein from *E. coli* and several human proteins [@B12]. Furthermore, previous studies as well as this study showed that M1GSs effectively repress human and viral gene expression, and that they may be as effective in knocking down gene expression as small interfering RNAs (siRNAs) and other ribozymes [@B15], [@B20], [@B48]-[@B52]. Thus, M1GSs represent a novel and attractive class of nucleic acid-based gene interfering agents for therapeutic application. Further studies on the effectiveness of the M1GS-based approach and other nucleic acid-based gene interfering approaches should reveal the advantages and shortcomings of these gene-targeting strategies.

One of the most important findings in our current study was the isolation of ribozyme variant R388-AS. The biochemistry of RNase P ribozymes was studied [@B12], [@B53] and the three-dimensional structures of several RNase P catalytic RNAs were reported [@B42], [@B43], [@B54]. Several conserved regions including nucleotides 1-61 and 270-332 constitute the active site. Other conserved regions such as nucleotides 73-100 and 110-200 consist of the binding domain for a tRNA. However, how M1GS ribozymes interact with a target mRNA is not well-known. R388 had three point mutations (i.e. (G~33~ -\> C~33~, C~158~ -\> G~158~, and G~292~ -\> A~292~) that have previously not been reported. It is currently not known how these point mutations increase the activity of R388-AS to cleave its target mRNA substrate. Our previous studies of M1GS ribozyme variants suggest that point mutations can independently enhance substrate binding and the rate of chemical cleavage [@B55]. Our results showed that R388-AS exhibited higher overall cleavage rate (k~cat~/K~m~)^s^ and better binding affinity (K~d~) (Table [1](#T1){ref-type="table"}), suggesting the possible roles of the point mutations of this variants in modulating step of cleavage and substrate binding. Further characterization of R388 and other variants will elucidate the mRNA-cleaving mechanism of M1GS and advance the use of these ribozymes for various applications.

Because CMV is a DNA virus, genome editing approaches such as the transcription activator-like effector nuclease (TALEN) and CRISPR/Cas9 systems may be advantageous by targeting the viral genomic DNA [@B56], [@B57]. However, the efficacy of these genome editing approaches in reducing viral genomic DNA levels in animals has not yet been determined [@B58], while knocking down viral essential mRNA expression by numerous methods such as RNAi and ribozymes has yielded impressive inhibition of viral infection and replication [@B6], [@B12], [@B17], [@B59]. Further studies should be carried out to evaluate the effectiveness of both genome editing approaches and mRNA-targeting strategies. These studies, as well as further investigations on increasing ribozymes cleavage activity and specificity, will lead to develop more effective ribozymes for better gene-silencing applications.
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![**RNase P and its ribozyme substrates**. (A) a precursor tRNA (ptRNA); (B) A complex of a target mRNA with an EGS; (C) a target mRNA hybridized with an M1GS ribozyme.](thnov08p5634g001){#F1}

![**Ribozyme expression in NIH3T3 cells.** RNA fractions (30 µg) from cells expressing different M1GS RNAs were analyzed in northern blot experiments using probes containing M1GS RNA (lanes 1-4) and mouse RNase P RNA (mP1 RNA)(internal control) (lanes 5-8) sequences.](thnov08p5634g002){#F2}

![**Ribozyme effect on viral mRNA and protein expression in NIH3T3 cells.** The parental cells (-) and cells expressing different ribozymes (R388-AS, C-R388-AS, and M1-AS) were infected with MCMV (MOI=1). (A) RNA fractions (45 µg) were prepared from cells at 18 hours postinfection and were assayed in northern blot experiments for the expression of AS mRNA and mP1 RNA expression (internal control) (lanes 1-4). (B) Protein fractions (50 µg) were prepared from cells at 24 hours postinfection and assayed in Western blot experiments for the expression of AS protein and mouse actin (internal control) (lanes 5-8).](thnov08p5634g003){#F3}

![**Ribozyme effect on MCMV growth in NIH3T3 cells.** Experiments were performed in triplicate and repeated three times and the details were described in Methods and Materials.](thnov08p5634g004){#F4}

![**Ribozyme expression in the livers of SCID mice.** MCMV-infected mice were hydrodynamically transfected with PBS containing M1GS constructs as described in Materials and Methods. RNA (45 μg) were isolated from the livers of the mice at 14 days postinfection and were analyzed in northern blot experiments using probes containing M1GS RNA (lanes 1-4) and mouse RNase P RNA (mP1 RNA) (internal control) (lanes 5-8) sequences.](thnov08p5634g005){#F5}

![**Ribozyme effect on viral mRNA and protein expression in SCID mice.** MCMV-infected mice were hydrodynamically transfected with PBS only (PBS) and PBS containing different M1GS constructs as described in Materials and Methods. (A) RNA fractions (45 µg) were prepared from the spleens at 14 days postinfection and were assayed in northern blot experiments for the expression of AS mRNA and mP1 RNA expression (internal control) (lanes 1-4). (B) Protein fractions (70 µg) were prepared from the spleens at 14 days postinfection and assayed in Western blot experiments for the expression of AS protein and mouse actin (internal control) (lanes 5-8).](thnov08p5634g006){#F6}

![**Ribozyme effect on MCMV growth in SCID mice.** MCMV-infected mice were hydrodynamically transfected with PBS only (PBS) and PBS containing different M1GS constructs as described in Materials and Methods. Spleens (A), livers (B), lungs (C), and salivary glands (D) were harvested at 1, 3, 7, 10, 14, and 21 days postinfection, and viral titers were determined with plaque assays. Experiments were performed in triplicate and repeated three times.](thnov08p5634g007){#F7}

![**Ribozyme effect on survivability of MCMV-infected SCID mice.** MCMV-infected mice were hydrodynamically transfected with PBS only (PBS) and PBS containing different M1GS constructs as described in Materials and Methods. Animal survival was monitored for at least 100 days postinfection.](thnov08p5634g008){#F8}

###### 

Kinetic analysis (values of (k~cat~/K~m~)^s^ and K~d~) in cleavage of substrate as-39 by M1GS ribozymes.

  Enzyme      kcat/Km (µM-1·min-1)   Kd (nM)
  ----------- ---------------------- -----------
  M1-AS       0.13±0.06              0.41±0.06
  C-M1-AS     \<5x10-6               0.43±0.06
  R388-AS     27.3.±0.06             0.02±0.01
  C-R338-AS   \<5x10-6               0.02±0.01
  M1-TK       \<5x10-6               ND

Experiments were performed in triplicate and repeated three times as described in Methods and Materials. "ND": not determined.

###### 

Levels of inhibition of viral genes in cells expressing ribozymes, as compared to the levels of inhibition in cells that did not express a ribozyme (NIH3T3).

  Viral gene     Gene class   NIH3T3   C-M1-AS   C-R388-AS   M1-AS   R388-AS   M1-TK
  -------------- ------------ -------- --------- ----------- ------- --------- -------
  M36 mRNA       IE           0%       0%        0%          0%      0%        0%
  MCP mRNA       Early        0%       0%        0%          0%      0%        0%
  AS mRNA        Late         0%       7%        6%          81±6%   99±7%     0%
  gB mRNA        Late         0%       0%        0%          0%      0%        0%
  ie1 protein    IE           0%       0%        0%          0%      0%        0%
  M112 protein   Early/Late   0%       0%        0%          0%      0%        0%
  AS protein     Late         0%       6%        7%          79±7%   98±7%     0%
  M99 protein    Late         0%       0%        0%          0%      0%        0%

Experiments were performed in triplicate and repeated three times as described in Methods and Materials. The values of standard deviation for these results are less than 5%.
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